Purified Cry1Ab protein caused no growth inhibition of these fungi on agar plates. Cry1Ab concentrations above levels common in Bt maize tissue stimulated the growth of F. graminearum. The fungi were also grown on g-radiation-sterilized leaf tissue of four Bt maize hybrids and their non transgenic isolines collected at maize maturity on a field trial in 2002 and 2003 . Both fungi degraded the Cry1Ab protein in Bt maize tissue. Fungal biomass quantification with microsatellitebased polymerase chain reaction (PCR) assays revealed differential fungal growth on leaf tissue of different maize varieties but no consistent difference between corresponding Bt and non-Bt hybrids. Generally, year of maize tissue collection had a greater impact on biomass production than cultivar or Bt transformation. The mycotoxin DON levels observed in maize tissue experiments corresponded with patterns in F. graminearum biomass, indicating that Bt transformation has no impact on DON production. In addition to bioassays, maize leaf tissue was analyzed with a mass spectrometer-based electronic nose, generating fingerprints of volatile organic compounds. Chemical fingerprints of corresponding Bt and non-Bt leaf tissues differed only for those hybrid pairs that caused differential fungal biomass production in the bioassays. Our results suggest that Cry1Ab protein in maize residues has no direct effect on F. graminearum and T. atroviride but some corresponding Bt/non-Bt maize hybrids differ more in composition than Cry protein content alone, which can affect the saprophytic growth of fungi on crop residues. T HE GLOBAL AREA cultivated with transgenic plants grew rapidly during recent years (James, 2005) . One of the dominant transgenic crops is maize (Zea mays L.) with genes encoding for insecticidal crystal proteins from Bacillus thuringiensis Berliner (Bt), being cultivated on 11.3 million hectares worldwide in 2005 (James, 2005) . Most Bt maize varieties express the Cry1Ab protein which protects the plant against lepidopteran insect pests, particularly the European corn borer Ostrinia nubilalis Hü bner. Cry1Ab protein from transgenic maize is released to the soil ecosystem through root exudates (Saxena et al., 1999 (Saxena et al., , 2004 and decomposition of residues left after harvest (Zwahlen et al., 2003) . Much of the Cry protein is quickly decomposed in soil (Baumgarte and Tebbe, 2005; Sims and Holden, 1996; Zwahlen et al., 2003) but some of it may resist microbial degradation by binding to clay minerals and humic acid fractions, and retain its insecticidal activity (Koskella and Stotzky, 1997; Venkateswerlu and Stotzky, 1992) . Recent studies reported effects of tissue from Bt transgenic maize (Flores et al., 2005) and Bt transgenic rice (Wu et al., 2004) on biological activities in the soil and changes in the microbial population were associated with decomposing Bt cotton leaves (Donegan et al., 1995) . The observed effects could be caused by altered chemical composition of plant tissue as a result of the Bt gene construct insertion. Saxena and Stotzky (2001) found a higher lignin content in 10 Bt maize hybrids, representing three different transformation events, than in their respective non-Bt isolines. An increased lignin content decreases the rate of crop residue decomposition (Hopkins et al., 2001; Parton et al., 1996) and thus may influence the residue-associated microbial population.
One suitable approach in risk assessment of transgenic crops is the assessment of a potential impact on microbial indicators with special relevance to the particular agricultural ecosystem (Kowalchuk et al., 2003) . The plant pathogen Fusarium graminearum Schwabe is such a microorganism which has not yet been assessed in association with Bt maize cultivation. The fungus aggressively colonizes crop residues particularly from maize (Yi et al., 2002 ) which then serve as major inoculum source for diseases like Fusarium ear rot of maize and Fusarium head blight of wheat (Sutton, 1982) . Food and feed from infected crops are contaminated with different mycotoxins, which is a threat to human and animal health (Bennett and Klich, 2003; Miller and Trenholm, 1994 ). An increasing incidence of Fusarium head blight of wheat has been associated with the precrop maize in reduced tillage systems (Dill-Macky and Jones, 2000; Miller et al., 1998) , suggesting that maize residues above the soil surface are particularly suitable for the survival of F. graminearum. Since Bt maize can be grown several years in succession without fallow, and each year deposits about 8 Mg dry residue per ha for grain maize and 2 Mg per ha for silage maize (Zscheischler et al., 1990) , it is important to investigate whether the Bt transformation affects the saprophytic growth of this deleterious Fusarium species on maize residues.
Changes in the composition of maize residues could also affect the balance between deleterious and beneficial microorganisms such as antagonists to plant pathogens. Trichoderma spp. are aggressive fungal colonizers of residues of maize and other crops throughout the decomposition process (Broder and Wagner, 1988) and have been shown to antagonize Fusarium on wheat and black oat straw (Fernandez, 1992) . No studies have been reported about non-target effect assessment of Bt transformed crop residues on these important antagonists of plant pathogens.
In this study, we used purified Cry1Ab protein and leaf residues of transgenic Bt maize hybrids to assess nontarget effects of the Cry protein itself and of maize Bt transformation on well investigated model fungi. We assessed the growth and the mycotoxin production of the maize and wheat pathogen F. graminearum strain GZ3639 and the growth of the biocontrol agent Trichoderma atroviride Karsten strain P1. Quantitative microsatellite-based PCR assays which are not affected by plant tissue decomposition (Naef et al., 2006) were used to monitor the growth of these fungi in flasks with leaf tissue of four different Bt/non-Bt maize hybrid pairs representing two different transformation events. Variation due to changing environmental conditions was taken into consideration by using maize tissue from a field trial in two different years. Fingerprints of volatile organic compounds from maize leaf residues were generated with an electronic nose to elucidate differences in the chemical composition other than Cry protein content. Furthermore, we tested whether these fungi are able to degrade the Cry1Ab protein in maize leaf residues.
MATERIALS AND METHODS Fungal Strains and Culture Conditions
Fusarium graminearum GZ3639 (NRRL 29169) is a wheat and maize pathogenic strain (Harris et al., 1999) isolated from wheat in the U.S. Midwest. GZ3639 was stored on 1.5% malt extract agar slants at 38C [15 g malt extract (Oxoid, Hampshire, United Kingdom), 12 g agar (Oxoid)]. For agar plug inoculation of agar plate assays, GZ3639 was grown for 5 d on 1.5% malt extract agar and on synthetic nutrient-poor agar [SNA: 1 g KH 2 PO 4 , 1 g KNO 3 , 0.5 g MgSO 4 Á7H 2 O, 0.5 g KCl, 0.2 g glucose, 0.2 g saccharose, 12 g agar (Oxoid)] at 248C in darkness. For spore inoculation of experiments with maize tissue, it was grown for 14 d on SNA under the same conditions.
Trichoderma atroviride strain P1 (ATCC 74058) is an isolate from wood chips and was classified for a long time as T. harzianum based on morphological features, but recent genome sequence analysis has shown that it is more closely related with T. atroviride (Kullnig et al., 2001) . Strain P1 possesses well investigated biocontrol activity against fungal plant pathogens (Harman and Bjö rkman, 1998; Hjeljord et al., 2001 ) and has been used in competition assays with Fusarium graminearum strain GZ3639 on maize tissue (Lutz et al., 2003; Naef et al., 2006) . P1 was stored as spore suspension in 20% (v/v) glycerol at 2208C. For agar plug inoculation, P1 was grown for 5 d on 1.5% malt extract agar and on SNA at 248C in darkness. For spores inoculation, it was grown for 14 d on 1/5 PDA [4.8 g potato dextrose broth (Difco, Detroit, MI), 12 g agar (Oxoid), pH 6.5] under the same conditions.
Agar Plate Assays with Cry1Ab Protein
The Cry1Ab protoxin (130 kDa) from B. thuringiensis subsp. kurstaki HD-1 was expressed as a single gene product in Escherichia coli and purified as previously described (Masson et al., 1989) . To obtain the activated Cry1Ab toxin (65 kDa), the protoxin was trypsinized, and high performance liquid chromatography (HPLC) purified (Pusztai-Carey et al., 1994) . Sterile Cry1Ab toxin solutions (250 mL of 0, 0.1, 1, and 10 mg mL 21 ) were evenly spread over the surface of 25 mL malt extract agar or synthetic nutrient-poor agar (formulae see above) in Petri dishes. Then, these agar plates were incubated for 48 h at 88C to obtain even Cry1Ab concentrations of 0, 1, 10, and 100 mg mL 21 thorough the agar medium. An agar plug from an actively growing culture of T. atroviride P1 or F. graminearum GZ3639 was placed inverted in the middle of each plate and incubated at 248C in the dark. Radial mycelium growth of T. atroviride and F. graminearum was measured on two orthogonal diameters after 3 and 5 d, respectively. Mean growth per day from three experiments with three replicate plates for T. atroviride and five replicate plates for F. graminearum were analyzed for each fungus and medium separately with a two way ANOVA on trial means including the factors experiment and Cry1Ab concentration [GLM procedure in Systat (Systat, 2000) ]. In case of a significant effect of Cry1Ab concentration (P , 0.05), means were compared with Fisher's LSD test.
Maize Cultivars and Crop Residue Preparation
Maize cultivars used in this study were the transgenic Bt hybrids, Valmont, X0920 RT, Novelis, TXP 138, and their nearisogenic non-transgenic commercial hybrids Prelude (Syngenta Seeds, Basel, Switzerland), Benicia (Pioneer Hi-Bred International, Des Moines, IA), Nobilis (Euralis, Lescar, France), and DKC 3420 (Dekalb c/o Monsanto, St. Louis, MO), respectively. Valmont carries the transformation event Bt176 (Syngenta Seeds) causing expression of native Cry1Ab protein in pollen and green tissue only (AGBIOS, 2005) , whereas X0920 RT, Novelis, and TXP 138 contain the transformation event MON810 (Monsanto) causing expression of a truncated version of Cry1Ab in the whole plant (AGBIOS, 2005) . For easier comprehension, we use the term isolines for corresponding Bt/non-Bt hybrids and call the Bt hybrids by the name of their corresponding non-transgenic hybrid followed by the suffix Bt in this study.
Maize hybrids were planted on a sandy loam soil in adjacent strip plots of 0.5 ha area in an experimental field in the Rhine valley in Germany. Bt/non-Bt isolines of Prelude and Benicia were grown in 2002 and 2003, isolines of Nobilis were grown in 2002, and isolines of DKC 3420 were grown in 2003. At maturity stage, the fifth leaf from the top was collected from 50 randomly selected maize plants across the variety plot. The leaves were air-dried and ground in two steps using an A11 analytical mill (IKA, Staufen, Germany) and a ZM1 centrifuge mill (Retsch, Haan, Germany) with a ring sieve with slot openings of 0.1 mm. Powder from the 50 leaves was pooled, mixed thoroughly, and sterilized in 140-mL polystyrene screw cap containers in an industrial cobalt chamber with g-radiation at a dose of 25 kGray. The sterile leaf powder was stored hermetically sealed at 2208C until it was used as substrate in flask experiments, mimicking maize crop residues.
Cry1Ab Protein Quantification in Maize Tissue
Content of Cry1Ab protein in the maize leaf powder from the different varieties was measured before and after g-irradiation with a commercial enzyme-linked immunosorbent assay (ELISA) kit (EnviroLogix, Portland, ME) with a limit of quantification of 0.25 mg g 21 for maize leaves. Cry1Ab protein was extracted from 30 mg air-dried leaf powder with 1.5 mL extraction buffer. The extracts were 1:50 diluted to meet the range of calibrators. Three replicates were measured for each sample. Means were compared with Fisher's LSD test (Systat) .
Mycotoxin Deoxynivalenol (DON) Quantification
The DON levels were quantified in 50 mL of the aqueous extracts from flasks inoculated with F. graminearum GZ3639 (see below), using a commercial ELISA kit (R-Biopharm, Darmstadt, Germany). If necessary, the extracts were diluted to fall into the range of calibrators and measured again. The test detects DON down to 0.2 ng mg 21 .
Polymerase Chain Reaction Quantification of Fungal Biomass
Biomass of F. graminearum strain GZ3639 and T. atroviride strain P1 in experiments with maize leaf tissue was determined with competitive PCR on microsatellite loci with length polymorphism as described by Naef et al. (2006) . This method is insensitive to variation in DNA extraction and in PCR amplification which bias quantification of fungi on decomposing plant material with conventional PCR assays (Naef et al., 2006) . Briefly, 30-mg subsamples of freeze dried and homogenized experimental repeats (see below) were spiked with 2.5 mg of freeze dried mycelium of a closely related fungus. DNA in this reference mycelium works as internal standard during DNA extraction with the DNeasy Plant mini kit (Qiagen, Hilden, Germany) and as competing template during PCR amplification of a microsatellite fragment. Polymerase chain reaction was performed with primers of the Fusarium-specific microsatellite MS-Fg103 (59-GGTATCCGTACAACCCGATG-39 and 59-TTCTTTGATTTGGACCGAGG-39) and with primers of the Trichoderma-specific microsatellite MS-Ta4 (59-ATCT-GGCACTGCTTGGTAGG-39 and 59-TCGATCGCCTTCG-TATTAGG-39), respectively. Using fluorescently labeled forward primers, the differently sized PCR products of trial and reference strain were separated and quantified with a CEQ 2000XL capillary sequencer (Beckman-Coulter, Fullerton, CA). Since the PCR product ratio between trial and reference strain is correlated to their biomass ratio in the sample (Naef et al., 2006) , the biomass of the trial strain can be calculated from the PCR product ratio and the known biomass of reference strain. In each PCR assay, mycelium mixtures of strains were included for calibration.
Flask Experiments with Leaf Tissue of Bt and Non-Bt Maize Hybrids
Three experiments were conducted with Bt and non-Bt maize leaf tissue collected on the field trial in 2002 and three experiments were conducted with Bt and non-Bt maize leaf tissue collected on the field trial in 2003. For each experiment, spores of T. atroviride P1 and F. graminearum GZ3639 were harvested with sterile water from agar plates, passed through sterile glass wool to remove mycelium, and quantified using a Thoma-Kammer. Suspensions were made to contain 10 000 conidia mL 21 for P1 or 1000 macroconidia mL 21 for GZ3639. For each maize variety, 15 autoclaved 25-mL Erlenmeyer flasks were filled with a half gram of sterilized maize leaf powder. Six of them were inoculated with 5 mL of P1 conidia suspension, six with 5 mL GZ3639 macroconidia suspension, and three were rewetted with 5 mL sterile water. After an initial incubation for 24 h on a shaker at 60 rpm at 248C to ensure spore germination, all samples were incubated at 158C at 100% humidity in the dark. Three of six inoculated replicates were taken for analysis after 7 d of incubation. The remaining replicates and the sterile control samples were taken after 14 d. All samples were frozen at 2808C and freeze dried. Then, the samples were homogenized in 8-mL plastic tubes with glass balls in a M300 mixer mill (Retsch, Haan, Germany) for 5 min at maximum oscillation frequency. Levels of Cry1Ab protein and biomass of GZ3639 and P1 were quantified in subsamples of 30 mg as described above. An additional step was included for 14-d samples with GZ3639. Before freezing, the flasks were filled with 10 mL of sterile distilled water and shaken for 2 h at 90 rpm. After the solid parts were allowed to settle for 30 min, mycotoxin DON levels were quantified in the supernatant as described above.
Trial means of Cry1Ab protein content in non-inoculated and inoculated flasks after 14 d were analyzed for each variety and collection year separately with a factorial ANOVA with experiment and treatment as factors (GLM procedure in Systat) . In case of a significant treatment effect (P # 0.05), means were compared with Fisher's LSD test. Trial means of T. atroviride biomass, F. graminearum biomass and accumulated DON production in flasks with tissue of Bt/non-Bt isolines were compared for each time point and collection year of maize tissue separately with paired t tests (Systat) . Trial means of Benicia and Prelude isolines from both years were further analyzed with a linear model including the factors maize hybrid, Bt transformation, year, experiment nested within years, and the interaction maize hybrid 3 Bt transformation (Tables 5 and 7 , GLM procedure in Systat).
Volatile Organic Compound Fingerprints of Maize Tissue
A mass spectrometry-based electronic nose (Smart Nose, Marin-Epagnier, Switzerland) was used to generate fingerprints of volatile organic compounds (Pillonel et al., 2003) from field-collected maize tissue before and after g-irradiation.
Aliquots of 100 mg of homogenized maize leaf powder were filled into 10-mL vials and closed by a magnetic closure with a silicone/PTFE septum. The Smart Nose system is composed of an autosampler with oven, a headspace injector, and a quadrupole mass spectrometer. Operating conditions were as follow: 12-min incubation at 1208C with strong agitation; injection of 2.5 mL headspace with syringe temperature of 1108C and injector temperature of 1708C; purge gas nitrogen with a flow of 150 mL min 21 ; 2-min syringe purge time; ionization at 60 eV; mass spectrometer scan over a mass range of 10 to 160 amu. Three replicates were measured for each sample and analyses occurred in randomized order. Ion mass intensity data were analyzed by principle component analysis and discriminant function analysis with the software supplied by Smart Nose.
RESULTS

Agar Plate Assays with Cry1Ab Protein
On malt extract agar, Cry1Ab protein concentrations of 10 and 100 mg mL 21 significantly stimulated radial mycelium growth of F. graminearum GZ3639 by 5 and 12%, respectively, compared to medium without Cry protein (Table 1) . No significant growth effect was observed for 1 mg Cry1Ab mL 21 . On synthetic nutrientpoor agar (SNA), only a Cry1Ab protein concentration of 100 mg g 21 caused a significant growth enhancement of GZ3639 by 8% (Table 1) . The radial mycelium growth of T. atroviride P1 was not affected by Cry1Ab protein at the tested concentrations on SNA and on malt extract agar (Table 1) . Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
Flask Experiments with Leaf Tissue of Bt and Non-Bt Maize Hybrids
The fungi were also grown in spore-inoculated flask experiments with g-radiation-sterilized maize leaf tissue of four different Bt maize hybrids and their nontransgenic isolines. The maize leaves were collected in a field trial at maize maturity in two different years. Cry1Ab protein content varied significantly between different Bt maize hybrids and between collection years for Benicia Bt but not for Prelude Bt (Table 2) . No Cry1Ab protein was detected in leaf tissue of nontransgenic isolines. The sterilization of maize tissue with g-rays had no effect on the Cry1Ab protein content measured with ELISA (data not shown).
Incubation of Bt maize leaf tissue with T. atroviride P1 for 14 d significantly reduced the Cry1Ab protein content between 23.5 and 76.7% compared to sterile incubation (Table 3 ) which had no effect on the Cry1Ab protein content. The decline of Cry1Ab protein content in Benicia Bt and Prelude Bt was greater in leaf tissue collected in 2003 than in tissue from 2002. This was also true for the incubation with F. graminearum strain GZ3639 which was a less efficient Cry1Ab protein degrader than T. atroviride P1 under the given conditions. Nevertheless, the presence of GZ3639 caused a significant loss of Cry1Ab protein between 29.6 and 41.1% for all maize leaf tissues from 2003 and for tissue of Nobilis Bt from 2002 (Table 3 ). The small losses in leaf tissue of Benicia Bt and Prelude Bt from 2002 missed significance at the 0.05 probability level.
Fungal biomass and mycotoxin DON production of F. graminearum and biomass of T. atroviride were measured in flask experiments with irradiated maize tissue after 7 and/or 14 d of incubation. No fungal biomass and no DON were detected in sterile reference treatments. For F. graminearum GZ3639, comparisons between leaf tissues of isolines showed significantly lower biomass production on the Bt transgenic lines of Nobilis from 2002 and of Benicia from 2003, but no significant isoline difference on the other collected maize leaf tissues (Table 4 ). GZ3639 biomass after 7 d was higher on leaf tissues collected in 2002 than on those collected in 2003 (Table 4) . For Benicia and Prelude hybrids, this collection year difference was stronger (P , 0.001) than the difference between hybrid genotypes (P 5 0.026) and between Bt and non-Bt hybrids (P 5 0.100) ( Table 5) . No year effect was observed after 14 d (P 5 0.550) because GZ3639 biomass slightly decreased on leaf tissue from 2002 and further increased on tissue from 2003 (Table 4) .
Comparisons of mycotoxin DON production by F. graminearum GZ3639 within 14 d showed significantly (Table 5 ). Maize hybrid genotype also had a significant impact (P 5 0.003), since DON production was higher on leaf tissue of Benicia hybrids than on that of Prelude hybrids in both years (Table 4) . The detection of 50% lower DON levels in one experiment compared to other experiments caused a significant effect of experiment repetition on DON levels (P 5 0.002). Since the trends between varieties in the respective experiment were the same as in the other experiments, the effect most likely resulted from a deficient ELISA kit and does not indicate a true impact of experiment repetition.
Biomass reduction of T. atroviride through Bt transformation was observed on leaf tissue of Benicia Bt from both years (Table 6) . A relatively strong trend in the opposite direction was observed on tissue of DKC 3420 isolines after 7 d (P 5 0.20) which was no longer present after 14 d. No differences were seen between isoline tissues of Nobilis and Prelude, in contrast to the above mentioned differences between Nobilis isolines for F. graminearum. Biomass of T. atroviride P1 after 7 d was higher on leaf tissue from 2002 than from 2003 (Table 6) , causing again a significant collection year effect on tissue of Benicia and Prelude hybrids (P , 0.001), which was stronger than the effect of maize hybrid (P 5 0.254) or Bt transformation (P 5 0.039) ( Table 7 ). The effect of Bt transformation after 7 d (P 5 0.039, Table 7) should not be taken as indication for a general impact of Bt transformation because reduced T. atroviride biomass on the Bt transgenic line was only observed for Benicia but not for Prelude resulting in a strong maize hybrid 3 Bt transformation interaction (P 5 0.050) ( Table 7) . During the subsequent incubation of 7 d, biomass of T. atroviride decreased on all maize tissues but more on those from 2002 than on those from 2003 (Table 6) , resulting in a less pronounced year effect after 14 d (P 5 0.063) ( Table 7) .
Volatile Organic Compound Fingerprints of Maize Tissue
The chemical composition of maize tissue which served as substrate in the flask experiments was assessed with the mass spectrometer-based electronic nose Smart Nose, generating fingerprints of volatile organic compounds. Principle component analysis (PCA) of chemical fingerprints showed strong similarity between maize tissues before and after sterilization with g-rays (data Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
not shown). Hence, the data from analyses before and after sterilization were grouped together for further statistical calculations to increase the number of measurements and thus the reliability of results. Principle component analysis on these grouped fingerprints was used to select fourteen non-redundant variables (ion masses) for a discriminant function analysis (DFA). This DFA could discriminate between tissues from the two collection years and between tissues of the Bt and nonBt isolines of Benicia and Nobilis (Fig. 1A) . No discrimination could be achieved between tissues of isolines of Prelude and DKC 3420 (Fig. 1B) . Discriminant function analyses with different variable selection confirmed the described discrimination pattern.
DISCUSSION
In this study, we evaluated potential non-target effects of Bt transformation of maize on two agronomically important fungal colonizers of maize residues (Broder and Wagner, 1988) . We used well investigated model strains of a deleterious and a beneficial fungal species, namely the maize and wheat pathogen Fusarium graminearum strain GZ3639 and the biocontrol agent Trichoderma atroviride strain P1. Agar plate tests with different Cry1Ab protein concentrations showed no effect on the mycelium growth of T. atroviride and growth stimulation of F. graminearum at high Cry1Ab concentrations (Table 1 ). This stimulating effect was stronger on the nutrient rich malt extract medium than on nutrient-poor medium, suggesting that it rather results from changes of physical medium properties, for example, a reduction of surface tension (observed by A. Naef), than from the use of Cry1Ab protein as additional substrate. The absence of a fungicidal effect of purified Cry1Ab protein is in agreement with Koskella and Stotzky's (2002) observations in tests with other selected fungi.
In flask experiments, F. graminearum strain GZ3639 and T. atroviride strain P1 were grown on sterilized leaf tissue of four different field-grown Bt maize hybrids and their non-transgenic counterparts for 7 and 14 d at 158C (first day at 248C). This experimental setting has been chosen because F. graminearum survives particularly well in no-tillage systems on maize residues above the soil surface (Yi et al., 2002) . Preliminary experiments have further shown very slow fungal growth and no conidia germination at lower temperatures and no increase of fungal biomass after 14 d. We used sterile powder of maize leaf tissue to obtain controlled conditions. Test trials with nonsterile maize residue have shown that the natural microflora varies among residue pieces, which affected the growth of our target fungi. A principle component analysis of volatile organic compound (VOC) fingerprints has shown that the sterilization with g-rays has little impact on the chemical composition of maize tissue in contrast to autoclavation which is known to break down compounds in plant tissue (Schenk et al., 1991) . Moreover, g-irradiation caused no loss of Cry1Ab protein as measured with an enzyme immunoassay. However, the g-irradiation could have caused a damage of a part of the protein without being detectable with this assay. The range and variability of Cry1Ab protein contents in leaf tissue from different collection years (Table 2 ) was in agreement with another field study with the varieties Novelis (5Nobilis Bt) and Valmont (5Prelude Bt) (Nguyen Thu, 2004) .
Both fungi were able to degrade Cry1Ab protein in Bt maize tissue, but year of tissue collection influenced the Cry protein decline. Interestingly, the loss of Cry protein (Naef et al., 2006) . was lower in leaf tissue from the year 2002 which caused faster growth of the fungi. One plausible explanation is a lower substrate quality of tissue from 2002 causing an increased use of the additionally available Cry1Ab protein. Generally, T. atroviride degraded the Cry1Ab protein more efficiently than F. graminearum. Incubation with T. atroviride for 14 d caused a Cry1Ab protein loss in maize tissue of at least 23%. Thus, application of T. atroviride on Bt maize residues in the control of deleterious Fusarium could support the Cry1Ab protein degradation. However, Cry1Ab protein degraders are naturally present in microbial communities of agricultural soils causing Cry1Ab protein recoveries of less than one percent of the initial concentration in fieldoverwintered maize leaves (Baumgarte and Tebbe, 2005; Zwahlen et al., 2003) . As we used pulverized leaf tissue in the flask experiments, our Cry1Ab protein degradation rates should not be extrapolated to field conditions. A part of the Cry1Ab protein may escape degradation in lignin rich parts such as maize stems and roots (Baumgarte and Tebbe, 2005) .
The growth of T. atroviride and F. graminearum was reduced on leaf tissue of Benicia Bt from year 2003 compared to tissue of non-transgenic Benicia, but this effect was weaker on leaf tissue from year 2002 (Tables 4  and 6 ). Significant growth reduction compared to the non-Bt isoline was also found on Nobilis Bt but only for F. graminearum and not for T. atroviride. No fungal biomass difference was found in isoline comparisons of DKC 3420 and Prelude, except for a somewhat higher biomass of T. atroviride on DKC 3420 Bt after 7 d (P 5 0.2). Regarding DON production in the flask experiments with maize leaf tissue, the result of isoline comparisons widely corresponded with patterns of F. graminearum biomass. Consequently, lower DON contents were observed on Nobilis Bt and Benicia Bt compared to their corresponding non-transgenic lines (Table 4) . However, we found no consistent effect of Bt transformation on F. graminearum GZ3639 or T. atroviride P1. The observed differences within Bt/non-Bt pairs were in the same order of magnitude as the differences between different non-Bt hybrids in the respective collection year. Nevertheless, significantly reduced fungal growth on leaf tissue of those Bt lines with relatively high Cry1Ab protein content (Benicia Bt and Nobilis Bt) could be taken as indicator for growth inhibition through Cry protein. This interpretation is in conflict with the results of our agar plate assays with purified Cry1Ab protein (Table 1) . Under consideration of a 90% weight loss during air-drying, the initial Cry1Ab protein concentrations in the maize leaf tissue corresponded to concentrations which showed no effect on F. graminearum growth in the agar assays (#1 mg Cry1Ab per g wet substrate). The hypothesis of fungal growth inhibition by Cry1Ab protein is further abolished by smaller biomass reduction but higher Cry1Ab content for Benicia Bt tissue from 2003 compared to that from 2002 (Table 2) .
In contrast to Bt transformation, collection year of the maize tissue had a consistent impact on fungal growth and mycotoxin DON production (Tables 4-7). The development of both fungi was delayed on all leaf tissues collected in 2003 compared to tissues collected in 2002. The DON contents also were lower on leaf tissues from 2003 corresponding to slower initial growth of F. graminearum and consequently less biomass over the total period of investigation. The equalization of the biomass differences between years at the second sampling time resulted from a growth stop of F. graminearum and a biomass decline of T. atroviride. This biomass decline is caused by autolysis which occurs in aged hyphal cultures of T. atroviride as a result of hydrolase activity (Brunner et al., 2003; White et al., 2002) . We collected leaf tissue at ear maturity in both years and stored it in hermetically sealed containers at 2208C after sterilization. We assumed that under these conditions a different storage time for maize tissue from the two years has no effect on tissue composition and that the observed differences resulted from different environmental conditions. The summer of 2003 was extraordinarily hot and dry causing Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved. a 40% lower dry matter yield than in year 2002 (V. Heitz, unpublished data). Obviously, the plants were under drought-stress which affects their chemical composition (Cross et al., 1994; Maiti and Wesche-Ebeling, 1998) and thus the fungal growth on their leaf tissue.
We used a mass spectrometer-based electronic nose (Smart Nose) to generate fingerprints of volatile organic compounds of the maize tissues which served as substrate in flask experiments. These fingerprints were analyzed with multivariate statistics, a technique which had been successfully used for chemical differentiation of dairy products (Pillonel et al., 2003) . The fingerprint analysis revealed no systematic difference between chemical compositions of Bt and non-Bt maize leaf tissues but fingerprint discrimination was possible between tissues from different years and between Bt and non-Bt tissues of Nobilis and Benicia (Fig. 1) . For Benicia, the discrimination between isolines was more pronounced in 2003 than in 2002. Hence, chemical fingerprint differences were in agreement with significant fungal growth differences on sterile maize leaf tissue, suggesting that chemical differences other than Cry1Ab protein content caused the observed fungal growth differences. Since DKC 3420 Bt with the same transformation event (MON810) as Benicia Bt and Nobilis Bt showed no fingerprint discrimination from its non-Bt counterpart, the composition differences result rather from less than complete isogenic hybrid pairs than from non-target effects of the Bt transgene insertion. Our observation of chemical differences between Bt/non-Bt maize isolines is in line with other reports of differential isoline chemical composition. The differences reported in C to N ratio (Escher et al., 2000; Flores et al., 2005; Hopkins and Gregorich, 2003) and in lignin content (Escher et al., 2000; Jung and Sheaffer, 2004; Masoero et al., 1999; Saxena and Stotzky, 2001) were not consistent among studies and among isoline pairs, supporting the conclusion that chemical differences between Bt and non-Bt isolines are hybrid specific and depend on environmental conditions.
CONCLUSIONS
This study shows that Cry1Ab protein can be degraded by F. graminearum GZ3639 and T. atroviride P1 and has no direct effect on the fungi in concentrations as present in maize residues. Some maize isolines, however, differed more in composition than Cry1Ab protein content alone, which can affect the saprophytic growth of these agronomically important fungi. The observed differences were within the variability between conventional cultivars and smaller than differences due to different environmental conditions. While we conclude that the impact of transgenic Bt maize residues on F. graminearum and T. atroviride is limited, we suggest that agronomically important fungi should be assessed in a field scale monitoring of Bt transgenic maize since small effects of a differential residue composition could amplify in the field over time. Our results emphasize the importance of multiple Bt/non-Bt hybrid comparisons and consideration of environmental variation in the evaluation of potential non-target effects of transgenic crops.
